ABSTRACT: Background: Intracranial dural arteriovenous fistula with pial venous drainage may present with hemorrhage or focal neurologic deficit and may be difficult to treat. We wish to summarize the therapeutic approaches to these potentially dangerous lesions and to demonstrate how endovascular and neurosurgical therapies may have complimentary roles in their management. Methods: The clinical and radiological records of all patients who presented to our institution with intracranial dural arteriovenous fistula over the last 5 years were reviewed. In those cases demonstrating pial venous drainage, details of presentation, imaging features, endovascular and surgical therapy and outcome were analyzed. Results: We identified 13 patients with these lesions, 7 of whom presented with intracranial hemorrhage. Six patients were treated with embolization alone. Angiographic cure was achieved in 4. There was one complication in this group, a subarachnoid hemorrhage following glue injection. Four patients were treated with embolization followed by surgical occlusion of the pial venous drainage. Angiographic cure was achieved in all 4. There was one complication in this group, a facial nerve palsy following glue injection. Three patients were treated by surgery alone, with no complications and complete cure in all. Conclusion: Endovascular therapy of intracranial dural arteriovenous fistula may be curative but is often complex and carries definite risks. Neurosurgical ligation of pial draining veins, with pre-operative embolization when safe, may be a relatively more controlled method to achieve complete cure. RESUME: Eistule arterioveineuse durale intracranienne avec drainage veineux a la pie-mere: traitement endovasculaire et neurochirurgical combine. Introduction: Les fistules arterioveineuses durales intracraniennes (FAVs) avec drainage a la pie-mere (DVP) peuvent avoir un tableau initial d'hemorragie ou de deficit neurologique focal et peuvent etre difficiles a traiter. Nous faisons un sommaire des approches therapeutiques de ces lesions potentiellement dangereuses et nous demontrons comment les approches endovasculaires et neurochirurgicales peuvent avoir des roles complernentaires dans leur traitement. Methodes: Les dossiers cliniques et radiologiques de tous les patients qui ont ete evalues dans notre institution pour une FAV durale intracranienne au cours des 5 demieres ann6es ont ete revises. Dans les cas chez lesquels il y a eu un drainage de la pie-mere, les details au moment de revaluation initiale, Pimagerie, le traitement endovasculaire et chirurgical et les resultats du traitement ont et6 analyses. Resultats: Nous avons identify 13 patients presentant ces lesions, dont 7 qui se sont presented avec une hemorragie intracranienne. Six patients ont ete trait6s par embolisation seulement. Une guerison angiographique a et6 obtenue chez 4. II y a eu une complication dans ce groupe, soit une hemorragie sous-arachnoidienne suite a 1'injection de colle. Quatre patients ont ete traites par embolisation suivie par une occlusion chirurgicale du drainage veineux a la pie-mere. La guerison angiographique a 6te obtenue chez ces 4 patients. II y a eu une complication dans ce groupe, une paralysie du nerf facial suite a l'injection de colle. Trois patients ont ete traites par la chirurgie seulement, sans complication, et tous ont eu une guerison complete. Conclusion: Le traitement endovasculaire des FAVs durales intracraniennes peut etre curatif, mais il est souvent complexe et comporte des risques. La ligature neurochirurgicale des veines de drainage a la pie-mere, avec embolisation preoperatoire quand cette approche est securitaire, peut etre une m6thode relativement plus controtee pour obtenir une gu6rison complete.
Intracranial dural arteriovenous fistulae (DAVFs) are relatively uncommon vascular malformations which may be asymptomatic or may present with a variety of clinical sequelae, depending on location, arterial supply and venous drainage. 1 " 3 Various classifications of these lesions have been proposed, most being based on the pattern of venous drainage. 4 " 6 Treatment of the more benign variety (i.e., those with antegrade flow in venous sinuses and no filling of pial subarachnoid veins)
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is usually elective and is indicated when symptoms such as a bruit become intolerable. Endovascular therapy may be curative in a large proportion of cases. 78 The more aggressive lesions, which demonstrate pial venous drainage (PVD; also called cortical or leptomeningeal venous drainage) often present with hemorrhage or progressive neurologic deficit due to venous hypertension, and urgent treatment is mandatory. Endovascular therapy may be curative in these patients however it is often difficult to eliminate all of the arterial input and pial venous drainage by embolization alone. Surgical obliteration of the PVD without resection of the dural sinus may in some circumstances be curative. 9 , 10 We present our experience over the last 5 years (1991-1996) with these challenging lesions to show the complimentary roles of endovascular and neurosurgical therapy.
MATERIALS AND METHODS
The clinical and radiologic records of all patients who presented to our institution with intracranial DAVFs over the last 5 years were reviewed. In those patients in whom PVD could be definitely identified, details of clinical presentation, imaging features, endovascular and surgical therapy, and outcome were analyzed.
The angiographic protocol both pre-and post-treatment included selective internal and external carotid injections, and subselective catheterizations (i.e., occipital artery, meningohypophyseal trunk) when necessary. In those patients who showed angiographic occlusion of the DAVF on the post-treatment study, further follow-up angiography was generally not performed. In those patients with incomplete occlusion, follow-up studies were performed at 6 month to one year intervals.
RESULTS
Results are summarized in Table 1 . There were 27 patients identified who presented with symptomatic DAVFs. Of these patients, 13 demonstrated angiographic evidence for PVD. Six patients presented with intracranial hemorrhage, 1 with seizures, 1 with headaches and cerebellar signs, 1 with headaches and a visual field deficit, 2 with tinnitus, 1 with vertigo, and 1 with left hemispheric transient ischemic attacks (TIAs) in whom investigations showed an incidental DAVF. Five lesions involved the transverse and sigmoid sinuses, 2 involved the tentorium, 3 involved the floor of the anterior cranial fossa, and 1 each involved the cavernous sinus, the superior sagittal sinus and the foramen magnum.
Treatment options were discussed with the referring clinicians in all cases. In those cases in which angiography had shown accessible arterial feeders, transarterial embolization was usually the initial therapy of choice. This was then followed by transvenous embolization or a direct surgical approach when feasible. In those cases in which transarterial access was limited or the venous drainage was inaccessible, direct surgical ligation of the PVD was performed.
Six patients were treated with embolization alone, using varying amounts of polyvinyl alcohol particles (PVA), n-butyl cyanoacrylate glue (NBCA) and platinum coils. An angiographic cure was achieved in 4 of these patients. In those patients with an incomplete angiographic cure, the PVD was eliminated and clinical symptoms were significantly improved. There was 1 complication in this group of 6 patients, a subarachnoid hemorrhage following injection of glue into a muscular feeding branch of the vertebral artery (patient CP). This likely occurred due to passage of glue through the nidus of the DAVF into the pial veins, with acute venous hypertension leading to hemorrhage.
Four patients were treated with embolization followed by surgical ligation of the PVD without sinus resection. An angiographic cure was achieved in all of these patients. There was 1 complication in this group, a facial nerve palsy following glue injection into a middle meningeal feeding branch prior to surgery. This likely occurred due to inadvertent embolization of the small petrosal branch supplying the facial nerve. Three patients were treated by surgery alone and a complete angiographic cure was achieved in all of these patients with no complications.
REPRESENTATIVE CASES

1) Patient LP
This 33-year-old woman presented with pulsatile tinnitus. Cerebral angiography showed a DAVF of the left transverse sinus (Figures 1, 2) . Arterial supply was from the left occipital and middle meningeal branches of the left external carotid artery, and meningohypophyseal branches of the left internal carotid artery. There was occlusion of the proximal left sigmoid sinus, with evidence for PVD into left cerebellar 
2) Patient ND
This 68-year-old male presented with a 4 year history of occipital headaches, dizziness and intermittent visual disturbance. He also experienced difficulty with balance which had progressed over 2-3 months. A CT scan showed a large varix in the midline of the posterior fossa ( Figure 4 ) and angiography confirmed the presence of a DAVF, supplied by both occipital arteries and meningeal branches of both vertebral arteries ( Figure 5 ). Venous drainage was into the large midline venous varix and pial cerebellar veins. Embolization was undertaken to halt his progressive neurologic deficit and to prevent future hemorrhage. Both occipital arteries were embolized with NBCA, resulting in a considerable improvement angiographically but continued filling of the lesion from the vertebral artery branches. The patient reported a marked improvement in his gait and balance; however the risk of symptom recurrence or future hemorrhage was felt to be high. Consequently, surgery was performed 2 weeks later. The venous outflow was exposed and clipped. The post-operative angiogram demonstrated complete thrombosis of the lesion ( Figure 6 ) and the patient subsequently made a complete clinical recovery.
3) Patient AL
This 66-year-old male presented with a right cerebellar hemorrhage (Figure 7 ). He made a good clinical recovery apart from persistent ataxia. Cerebral angiography revealed a DAVF of the left petrous ridge, supplied primarily by meningohypophyseal branches of the left internal carotid artery (Figure 8 ). The straight sinus was occluded and there was PVD into the petrosal vein and into lateral mesencephalic and cerebellar hemispheric veins. The meningohypophyseal trunk was embolized with NBCA during temporary balloon occlusion of the internal carotid artery, but the DAVF continued to fill from meningeal branches of the left external and vertebral arteries. The patient was then taken to surgery and the large petrosal vein was identified ( Figure 9A ) and clipped ( Figure 9B ). The post-operative angiogram showed complete occlusion of the lesion (Figure 10 ).
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Figure 5: A left common carotid arteriogram, lateral (A) and AP (B) views shows a DAVF with PVD into a large varix (large arrow) andpial cerebellar veins (curved arrows). The main arterial supply is from the occipital artery.
4) Patient KF
This 73-year-old male presented with episodes of slurred speech which were thought to represent left hemisphere transient ischemic attacks. On clinical examination, only mild sensory extinction of the left leg could be demonstrated. Carotid ultrasound had suggested a severe left internal carotid artery stenosis; however subsequent angiography showed the presence of a large DAVF of the superior sagittal sinus (Figure 11 A, B) . Arterial supply was from both middle meningeal arteries, both occipital arteries, the right superficial temporal artery and the right artery of the falx from the ophthalmic artery. Venous drainage was into the wall of the superior sagittal sinus and then into pial cerebral veins of the right hemisphere. Enlarged tortuous cortical veins drained into the right Sylvian region where multiple enlarged pial venous structures were identified. Embolization was undertaken to prevent future hemorrhage. During the first session, the right occipital artery was embolized with PVA particles. The right middle meningeal artery could not be catheterized due to a tortuous origin. During a second session, the left middle meningeal artery was embolized with PVA and NBCA and the left occipital artery was occluded with PVA parti- cles. The post-embolization angiogram showed continued filling of the malformation from the right middle meningeal artery but much slower filling of draining veins in the right cerebral hemisphere. Due to the continued filling of the lesion and the risk of future hemorrhage, surgical therapy was performed 1 week later. The abnormal pial cerebral veins were isolated and clipped ( Figure 12 ). The patient tolerated the procedure well and the post-operative angiogram showed complete obliteration of the malformation with preservation of the superior sagittal sinus ( Figure 13 ).
DISCUSSION
It is now generally believed that DAVFs are acquired lesions, usually related to prior partial or complete thrombosis in the adjacent venous sinus. 4 Several classifications of these lesions have been proposed based on angio-architecture and clinical course. 4, 5 In the system proposed by Borden et al., 5 Type I lesions consist of one or more fistulae between a meningeal artery and a dural venous sinus or dural meningeal vein. All blood flow in the veins is antegrade. These lesions usually present with pulsatile tinnitus, bruit or cranial nerve deficit, depending on location. The clinical course is usually benign. Type II lesions consist of 1 or more fistulae draining into a dural sinus and also into pial subarachnoid veins in which blood flow is therefore reversed. These patients present with symptoms due to venous hypertension or hemorrhage. Type III lesions drain into subarachnoid veins located at or in the wall of dural sinuses. They therefore drain retrogradely into a vein that normally drains into the sinus, which itself may be patent or occluded. If the sinus is patent, it is usually not in direct communication with the fistula and is isolated from the remaining dural venous structures. They also are more aggressive lesions, presenting with hemorrhage or other manifestations of venous hypertension. There are several subclassifications within this group, but they are all distinguished by the presence of drainage into subarachnoid veins. Another classification system has been proposed by Cognard et al., 4 in which the Type I and II DAVFs are essentially identical in each system. In Cognard's system, Type III lesions demonstrate cortical venous drainage without venous ectasia, Type IV lesions do show venous ectasia and Type V lesions drain into spinal veins, similar to Borden's Type III. In both classifications, Type I lesions are relatively benign, whereas all the other groups have the potential for a more aggressive course.
Lasjaunias et al. 19 reviewed 191 cases of DAVFs reported in the literature and included 4 cases of their own, in one of the first attempts to identify angiographic features predisposing to an aggressive clinical course. They concluded that focal neurological symptoms, including hemorrhage, were related to the presence of cortical venous drainage. The site of the lesion was not a significant determinant, but there was a trend for lesions
Figure 8: Left internal carotid arteriograms, lateral (A) and AP (B) views. There is a DAVF of the left petrous ridge, supplied primarily by meningohypophyseal branches of the left internal carotid artery. The straight sinus was occluded and there was PVD into the petrosal vein which drained into lateral mesencephalic and right cerebellar hemispheric veins (arrows).
near the tentorial incisura and in the floor of the anterior cranial fossa to behave in a more aggressive manner. These findings were confirmed by Awad et al. 20 who performed a meta-analysis of 360 cases of DAVF from the literature and included 17 cases of their own. The major factors determining aggressivity in their series were leptomeningeal venous drainage, variceal or aneurysmal venous dilatations, and Galenic drainage. Treatment of Type I DAVFs is usually elective and related to alleviation of an intractable bruit. The treatment is usually
Figure 9: The large petrosal vein was identified (A, arrow) and clipped (B).
directed towards the arterial input, with embolization of arterial feeders resulting in complete cure up to 50% of patients.
25 - 8 If the malformation drains into a sinus which may be sacrified (i.e., the sinus does not drain normal brain parenchyma) transvenous embolization with thrombogenic coils and liquid adhesive glues may increase the symptomatic cure rate.
"
13 If the sinus must be preserved, then complete cure may be difficult. Surgical isolation (skeletonization) of the sinus may be considered in these cases, but it is a major surgical undertaking with relatively low success rates and up to a 15% risk of major morbidity or mortality.
14 Treatment of Type II and higher lesions of the brain may be problematic, due to the complexity of arterial supply and variable accessibility of the venous drainage for interventional ther- apy. Endovascular approaches have included transarterial 2 -78 and transvenous routes, 7, 81113 including retrograde transvenous embolization following surgical exposure of the superior ophthalmic vein for cavernous DAVFs. 15 Surgical approaches in the past have again focussed on interruption of arterial input and isolation of the venous sinus or draining veins.
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14 Radiation therapy may be useful for small lesions less than 25 mm in total diameter, but is less successful with larger lesions (Steiner L and Drake CG, personal communication, 1992). Radiation therapy has been used with some success following transarterial embolization of tentorial DAVFs. 16 Barnwell et al. 17 have described their experience with combined endovascular -neurosurgical therapy in a series of 16 patients with complex DAVFs. In their series, embolization had been unsuccessful in curing these lesions and subsequent surgery was used to either provide access to arteries for further embolization, to isolate dural sinuses for direct embolization, or to completely resect the malformations. At least 4 of the illustrated cases clearly showed PVD, but no mention was made of ligation of these vessels as a definitive therapy. Venous ligations in this series were performed prior to direct injections of liquid acrylic agents for sinus obliteration and 1 of the complications resulted from glue migration into a pial mesencephalic vein. The other complication was a venous infarct following extensive surgical resection of a transverse -sigmoid sinus lesion.
It has been shown that DAVFs of the spine can be effectively treated by simple ligation of the arterialized pial veins which drain into the subarachnoid space. 18 Thompson et al. 9 attempted to determine whether a similar observation could be made with cranial DAVFs in which PVD was identified. They described the treatment of 4 patients with such lesions. Two patients had petro-tentorial DAVFs, 1 located in the floor of the middle cranial fossa and 1 in the posterior fossa. Venous drainage was entirely leptomeningeal into the petrosal vein, cerebellar and mesencephalic veins. Two of the patients were treated by simple surgical ligation of arterialized petrosal and cerebellar veins. In curative in 4 of 6 patients, but both complications occurred following embolization. In 1 patient (CP) a subarachnoid hemorrhage occurred following glue injection into an arterial feeder, and in another patient (DJ), a seventh cranial nerve palsy resulted from an injection of glue into a middle meningeal artery branch. In the 4 patients treated with combined endovascular and surgical therapy, and in the 3 treated with surgery alone, complete cures were obtained in all with no complications arising from the surgery.
Endovascular therapy is appealing for the initial treatment of these lesions, as the vascular structures are frequently accessible and there is the opportunity to avoid what is often considered to represent major intracranial surgery. The treatment philosophy has often been to embolize first with the goal of eliminating as much of the arterial input and pial venous outflow as possible. This is a reasonable approach when arterial and venous access routes are straightforward. Interventional therapy, however, carries definite risks, primarily those of hemorrhage, stroke and cranial nerve deficit and these risks may increase as access becomes more difficult and smaller vascular spaces are navigated and occluded. In this context, when the risks of endovascular therapy are becoming greater, it is worth considering the surgical alternative. This is particularly relevant when the PVD is clearly apparent and can be easily accessed surgically. Ligation of these veins is often curative and we have shown that in some cases, it should be performed as the primary therapy with no preliminary embolization. Incomplete embolization may reduce the magnitude of arteriovenous shunting and may reduce clinical symptomatology in benign varieties of DAVF. There is however no evidence that partial embolization with persistance of the PVD in aggressive lesions results in any reduction of stroke or hemorrhage risk for the patient.
In conclusion, DAVFs with PVD are aggressive lesions which demand urgent treatment due to the risk of hemorrhage or stroke. Endovascular therapy may be curative but is often complex and carries appreciable risks. A combined endovascularneurosurgical approach, in which direct interruption of the PVD may be sufficient for cure, should be considered when embolization alone (transarterial ± transvenous) is unsuccessful or is unlikely to result in complete cure.
